ABSTRACT This paper proposes a design method for high-isolation n-way power combiners based on 2n + 1 port mode networks. The scattering matrix of a 2n + 1 port mode network is obtained by rigorously deriving the voltage and current relations. Following the proposed method, a compact four-way coaxial power combiner based on a nine-port mode network is designed and fabricated. Measurements show that from 7.8 to 10.3 GHz, the return losses of the input and output ports are better than −18 and −21 dB, respectively, the isolation levels between the input ports are higher than 21 dB, the insertion loss for power combination is less than 0.2 dB, and the amplitude and phase imbalances of the power combiner are less than approximately 0.15 dB and 2 • , respectively. The simulated results agree well with the measured results. Moreover, the combiner has compact cross-sectional dimensions of 1.2λ × 1.2λ. It is clear that the designed four-way power combiner is superior in terms of its compact cross-sectional dimensions, high degree of isolation, low return loss, low insertion loss, and output amplitude and phase imbalance, which make it well suited for solid-state power combination. In addition, the power combiner is easy to fabricate and assemble. The proposed method shows great potential for realizing multi-way power combination with high isolation, low return loss, and compact cross-sectional dimensions.
I. INTRODUCTION
HIGH-EFFICIENCY, high-power microwave and millimeterwave solid-state amplifiers have been extensively implemented in many systems [1] , and power combiners have been widely investigated and developed to improve the output power of solid-state devices [2] - [31] . An ideal power dividercombiner exhibits low insertion losses, low return losses, a high degree of isolation, and a broad fractional bandwidth. In this paper, we propose a universal circuit model for n-way power combination based on a 2n + 1 port mode network. This model can achieve nearly all of the ideal characteristics of a power combiner. The power combiners thus designed are intended to be used to combine kW-level signals from several individual amplifiers to feed the antenna elements that constitute an active antenna array. In the case of such a power combiner, several other issues must also be considered, such as its power capacity, which must be sufficient to transmit several kW, and its cross-sectional surface area, which influences the antenna size and determines the beam scanning range of the array.
Several types of multi-way power combiners have previously been studied, such as traveling-wave power combiners [7] - [16] , radial power combiners [17] - [25] , and binary power combiners [26] , [27] . Among these devices, conventional traveling-wave power dividers and radial coaxial power dividers can satisfy the requirements of broad bandwidth, high power capacity, low insertion loss, and potentially compact volume. By contrast, conventional binary waveguide power dividers are typically bulky, and consequently, their applications are very limited. In addition, for all three types of power combiners, it is difficult to achieve a high degree of isolation and low return losses at the output ports while simultaneously maintaining a high power capacity [28] - [37] .
In this paper, a novel universal circuit model for achieving high-isolation n-way power combination based on a 2n + 1 port mode network is proposed and analyzed. In accordance with the proposed circuit model, a 4-way coaxial power combiner based on a 9-port coaxial mode network is designed to validate our method.
II. DESIGN OF AN N-WAY POWER COMBINER BASED ON A 2N + 1 PORT MODE NETWORK
In this paper, we propose a universal method for designing an n-way power combiner with inherently high isolation and low return loss [32] . The designed n-way power combiner is based on a 2n + 1 port mode network, which is composed of multi-section ideal TEM transmission lines. The corresponding circuit model is shown in Fig. 1 . The input ports and matched ports of the n-way power combiner are numbered 1, 2, . . . , n and n + 1, n + 2 . . . , 2n, respectively. The output port of the n-way power combiner is numbered as port 2n+1. The characteristic impedances of the input ports, matched ports, and output port are denoted by R 0 , R, and R 1 . We assume that R 0 , R, and R 1 are purely resistive. The characteristic impedances of the three types of interconnected transmission lines are denoted by Z 2 , Z 3 , and Z 4 . Their corresponding lengths are denoted by θ 2 , θ 3 , and θ 4 , respectively. A and B are both common electrical connection nodes. In this section, we first investigate the circuit pattern and derive the necessary conditions to achieve high isolation and perfect matching. Then, through a systematic analysis of the n-way power division, all elements of the scattering matrix of the 2n + 1 port mode network are derived.
A. CONDITIONS FOR HIGH ISOLATION AND PERFECT MATCHING
Regarding the ideal transmission line circuit model, we consider the circuit to be reciprocal and non-lossy. To simplify the analysis, we consider all connection lines to have a length of one quarter wavelength; thus, θ 2 = θ 3 = θ 4 = 90 • . When input port 1 is excited, the voltage-current distribution pattern dictated by the circumferential symmetry is as illustrated in Fig. 2 . 
From (1), we can easily obtain (2a) and (2b):
Similarly, according to the voltage-current relation for Z n near port n, we can obtain (4a), (4a), and (4b):
From the symmetry of the structure, considering the voltage-current relation for node A, we can obtain (5):
Similarly, we can obtain (6a) and (6b) from the voltagecurrent relations for ports 1 and n:
By substituting (4b) and (5) into (2a), substituting (6a) into (4a), and substituting (6b) into (2b), we obtain (7)- (9):
To express the currents I 1b and I nb in terms of the voltages V 1 , V n , and V a , we use the transfer matrix to express the relations between the voltages and currents on the right side of the circuit pattern from node B to port n as follows:
By cascading (10)- (12), we obtain (13):
Similarly, for the left side of the circuit pattern from port 1 to node B, we obtain (14):
By substituting (14) into (13), we derive (15):
By solving (15), we obtain (16) and (17):
Upon simplifying (7), substituting (16) into (8), and substituting (17) into (9), we obtain (18)- (20):
To achieve high isolation, V n must be equal to 0 when an input port is excited. Moreover, for perfect matching of the input port, the condition E = 2V 1 should also be met. Upon substituting these two conditions into (18)- (20), we obtain
By simplifying (21)- (23), we obtain (24) and (25):
Then, by solving (24) and (25), we obtain (26) and (27) . Thus, the two fundamental conditions for perfect matching and high isolation are derived.
To more clearly understand the combination mechanism and validate the combination conditions, the scattering matrix of an n-way power combiner based on a 2n + 1 port mode network is derived in this subsection. First, we solve for the voltages at all ports when port 1 is excited. Then, we compute the power coupled to these ports and derive the corresponding S-parameters. Port 1 is perfectly matched, so the power excited at port 1 can be computed as shown in (28):
By substituting V n = 0 into (19), we can obtain the output voltage and power at port 2n + 1, as shown in (29) and (30):
Similarly, the voltages at ports n + 2, n + 3, . . . ., 2n and port n + 1 are expressed by (31) and (32), respectively.
Thus, the output power at ports n + 2, n + 3, . . . ., 2n and port n + 1 can be computed as shown in (33) and (34), respectively.
Finally, we obtain
Considering the symmetry of the structure, (35a)-(35d) can be expanded to obtain (36a)-(36f). 
Thus, the coupling relations between one input port and all other ports are obtained. Now, to obtain the solution for the entire scattering matrix, we also need to analyze the coupling relations when one matching port is excited. The voltagecurrent distribution pattern when only matching port n + 1 is excited is shown in Fig. 3 .
From the reciprocal, non-lossy, and orthogonal characteristics of the system, it is easy to obtain (37). This equation expresses that when any matching port is excited, there is no power output at the output port of the combiner, port 2n + 1. Thus, (38) is obtained as follows.
Equation (8) also holds for the circuit pattern in Fig. 3 . Substituting (38) into (8), we obtain (39) .
For Fig. 3 , in accordance with the transfer-matrix relation from Z 4 on the left side to Z 3 on the right side, we can obtain (40) .
Considering (39) and (40), we can easily obtain (41)- (43):
Similarly, in accordance with the transfer-matrix relation from node A to port n + 1 on the left side in Fig. 3 , we can obtain (44):
From (44) and considering (26), (27) , and (38), we can obtain (45):
From the current relation at port n + 1, we can obtain (47):
By substituting (43) and (45) into (46), we obtain (47) and (48):
The voltages at the other matching ports can also be easily derived, as shown in (49):
Z F is defined as the input impedance seen from the excited matching port n + 1. We can thus derive (50) in terms of Z F .
denotes the reflection at the excited port n + 1 and is expressed as shown in (51). V + is the forward incident voltage at the excited port n + 1 and is given in (52). Considering (49) and (52), we can easily obtain (53) and (54). P in is the incident power at the excited port n + 1, and P others is the power coupled to the other matching ports.
VOLUME 6, 2018 FIGURE 4. The 4-way coaxial power combiner: (a) the entire structure; (b) a sectional view of the structure (the red numbers 1-9 indicate the 9 ports of the power combiner, the yellow structure represents the inner conductor of the vacuum coaxial waveguides, and the gray structures represent the vacuum portions of the vacuum coaxial waveguides).
From (51), (53), and (54) and considering the symmetry of the structure, we can obtain (55):
Thus, by combining (36a)-(36e) and (55), the entire (2n + 1) × (2n + 1) scattering matrix of the n-way power combiner is obtained.
III. DESIGN OF A 4-WAY COAXIAL POWER COMBINER BASED ON THE PROPOSED METHOD A. BASIC DESIGN OF THE 4-WAY POWER COMBINER
To validate the proposed circuit model, we designed a 4-way power combiner based on a 9-port mode network. To achieve high combination efficiency, vacuum coaxial waveguide transmission lines were used to construct the power divider. The design process can be summarized as follows:
1. According to the circuit model and the conditions for high isolation and perfect matching, we chose arbitrary initial impedance values for the ports and transmission lines. The initial lengths of the transmission lines were set equal to one quarter of the wavelength. 2. We used the ANSYS HFSS simulation software to easily build an initial model, with some consideration of the fabrication feasibility. 3. Through a brief optimization process, an excellent 4-way power combiner was obtained. The optimization was performed using the Sequential Non-linear Programming optimizer in HFSS. The objective function for optimization was defined as follows:
The frequency range for which the performance was to be optimized was set to 7.5-10.5 GHz. The values of the 6. The improved 4-way coaxial power combiner: (a) the entire structure; (b) a sectional view of the structure (the blue numbers 1-9 indicate the 9 ports of the power combiner, the yellow structure represents the inner conductor of the coaxial waveguides, the gray structures represent the vacuum portions of the coaxial waveguides, and the magenta structures represent the dielectric portions of the coaxial waveguides).
weight coefficients C 1 -C 5 were initially set to 0 and were subsequently adjusted during the optimization process. The detailed structure and optimized S-parameters of the 4-way power combiner are shown in Figs. 4 and 5 . According to the analysis presented in Section II, the scattering matrix of the 4-way power combiner can be written as shown in (57).
From 7.8 to 10.2 GHz, S 11 , S 12 , S 13 , S 59 , and S 99 are less than −20 dB and thus correspond to the ''0'' element in (57); S 19 is approximately −6 dB, which corresponds to the ''1/2'' element in (57); S 51 is approximately −2.5 dB, which corresponds to the ''3/4'' element in (58); and S 52 , S 53 , S 54 , S 55 , S 56 , S 57 , and S 58 are approximately −12 dB, which corresponds to the ''1/4'' element in (57). Considering the symmetry of the structure, the S-parameters of the 4-way coaxial power combiner are consistent with (57). Thus, the theory presented in Section II is well validated. 
B. ENGINEERING REALIZATION OF THE 4-WAY POWER COMBINER
To reduce the cross-sectional dimensions of the power combiner, input ports 1-4 were set to lie in same directions as matched ports 5-8 with 90 • coaxial bends. Notably, from the fabrication perspective, the 4-way power combiner should not be composed solely of vacuum coaxial waveguides because the inner conductors of vacuum coaxial waveguides cannot be mechanically fixed. Moreover, for convenience in measurement, it is preferable for the ports to taper to 50 standard connectors. Thus, all ports were tapered to 50 standard ports by means of dielectric coaxial matching waveguides VOLUME 6, 2018 to facilitate fabrication and measurement. The corresponding improved power combiner design is illustrated in Fig. 6 .
The final optimized dimensions of the 4-way power combiner, as labeled in 
IV. FABRICATION AND MEASUREMENTS OF THE 4-WAY COAXIAL POWER COMBINER
The 4-way coaxial power combiner designed in the previous section was fabricated and measured. During the fabrication process, the structure was divided into three components: the inner conductor, the outer metal shells, and the Teflon medium. The inner conductor was constructed by welding together several copper cylinders with the appropriate radii. The outer metal shells were milled from various copper blocks using numerical control machines. The Teflon medium was milled from various Teflon blocks. These three main components were assembled with various copper bolts. The Teflon medium helped to maintain the precise positioning and mechanical fixation of the inner conductor at the 9 ports. In this way, the 4-way coaxial power combiner could be easily fabricated and assembled at low cost. The main components and the entire structure are depicted in Figs. 8 and 9, respectively.
Measurements were conducted using an HP8510C Vector Network Analyzer [37] - [41] . The experimental setup is illustrated in Fig. 10 . The simulated and measured results are presented in Fig. 11 .
As shown in Fig. 11 , from 7.8 to 10.3 GHz, the return loss S 11 is better than −18 dB, whereas, the isolation levels S 12 and S 13 are better than −25 dB and −21 dB, respectively. Moreover, the return loss S 99 is less than −20 dB. The insertion loss for power division under the excitation of port 9 is less than 0.2 dB. The amplitude and phase imbalances for 4-way power division are less than approximately 0.15 dB and 2 • , respectively. The small deteriorations in the return loss and isolation relative to the simulated values are most likely related to the milled fillets at the steps and corners. Moreover, any slight mismatch of the coaxial loads could also contribute to this deterioration. The insertion loss of 0.2 dB can be primarily attributed to ohmic conduction loss. The amplitude and phase imbalances may be due to misalignment of the coaxial probes and assembly errors, which would break the symmetry of the structure.
V. CONCLUSION
This paper proposes a design method for high-isolation n-way power combiners based on 2n + 1 port mode networks. The scattering matrix of a 2n + 1 port mode network is obtained by rigorously deriving the voltage and current relations. This method shows great potential for realizing multi-way power combination with high isolation and low return loss. Following the proposed method, a compact 4-way coaxial power combiner based on a 9-port mode network is designed, fabricated, and measured. The simulated results are consistent with the measured results. Comparisons with other power combiners reported in the literature are presented in Table 1 . It is clear that the designed 4-way power combiner is superior in terms of its compact cross-sectional dimensions, high degree of isolation, low return loss, low insertion loss, and output amplitude and phase imbalance, which make it well suited for solid-state power combination. In addition, the component structures are easy to fabricate and assemble. 
